X-ray diffraction on TiOCl indicates a temperature-independent c-axis unique monoclinic distortion of the crystal lattice of ␥ = 90.023͑2͒°within the incommensurate phase between T c1 = 67 K and T c2 = 90 K. The transition at T c2 is described as a first-order phase transition driven by the formation of antiferromagnetic order on the Ti-O bilayers that is governed by the monoclinic lattice distortion. The temperature-dependent incommensurate modulation is considered to represent the growth of the number of spin-Peierls-type singlet pairs on cooling. At T c1 , too many electrons have thus been removed from the antiferromagnetic state for it to be stable, and the crystal transforms into the spin-Peierls state.
I. INTRODUCTION
TiOCl and TiOBr have attracted attention as onedimensional ͑1D͒ S = 1 2 spin-chain compounds that are in a dimerized, spin-Peierls state at low temperatures. [1] [2] [3] [4] [5] Both compounds exhibit similar complicated phase diagrams, with, on cooling, a phase transition at T c2 toward an incommensurately modulated state, followed by a first-order phase transition at T c1 toward the spin-Peierls state. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Transition temperatures are T c1 = 67.4 K and T c2 = 90 K for TiOCl, while lower transition temperatures have been found for TiOBr. 1, 2, 8 TiOCl and TiOBr crystallize in the FeOCl structure type with the orthorhombic space group Pmmn and lattice parameters a = 3.778, b = 3.355, and c = 8.027 Å for TiOCl at room temperature. 17 Diffraction studies and crystal structures may guide the development of microscopic models explaining physical properties and phase diagrams, because the observed structural distortions point at particular interactions between atoms, while they can exclude other models. 2, 3, 6, 9, 14, 18, 19 However, determination of the structural distortions is often not straightforward, because of the possibility of loss of point symmetry at a phase transition, while the formation of a supercell is unambiguously indicated by the superlattice reflections.
The problem arises due to the fact that the loss of point symmetry is almost invariably accompanied with the development of a domain structure comprising all possible orientations of the low-symmetry structure on the high-symmetry lattice. The apparent diffraction symmetry of such a twinned crystal then is equal to the diffraction symmetry in the highsymmetry case. Lattice distortions are often small, such that any splittings of overlapping Bragg reflections can only be measured in high-resolution diffraction experiments. Synchrotron radiation provides the required resolution. However, all crystals of TiOCl and TiOBr that we have been able to grow are of less than optimal quality, such that the width of Bragg reflections for reorientations of the crystal ͑ scans͒ is limited by the mosaic spread of the material to approximately 0.1°-sufficiently wide to hide the monoclinic splitting. A splitting of Bragg reflections due to lattice distortions has not been observed for TiOCl or TiOBr up to the present date. 2, 6, 9, 15, 18, 19 Monoclinic symmetry P2 1 / m ͑a-axis unique͒ has been established for the twofold superstructures of the lowtemperature phases of TiOCl and TiOBr, 2, 5 because it is the only symmetry for which the structural distortions are compatible with a spin-Peierls state as well as with the Raman spectrum and with two independent Ti atoms observed in NMR. 2, 8, 20 The diffraction in the incommensurate phase is characterized by two modulation wave vectors,
with 1 Ϸ 0.07 and ␦ Ϸ 0.01 continuously dependent on temperature. 9 The modulation is two dimensional if the orthorhombic symmetry of the high-temperature structure is preserved in the incommensurate phase. Monoclinic symmetry ͑c-axis unique͒ allows a 1D modulation, whereby the two modulations of Eq. ͑1͒ arise from the two orientations of the monoclinic structure on the pseudo-orthorhombic lattice. 9 Evidence for a c-axis monoclinic structure has come from electron diffraction and Raman spectroscopy. 6, 20 Here we present results from x-ray diffraction experiments on TiOCl that give direct proof of the c-axis unique monoclinic distortion of the lattice in the incommensurate phase. The deviation from 90°of the monoclinic angle ␥ is found to be independent of temperature at a value of ␥ = 90.023͑2͒°. This result suggests that the phase transition at T c2 is a first-order phase transition, contrary to the signature of this transition in the temperature dependencies of other properties. 1, [7] [8] [9] 13 II. EXPERIMENT Single crystals of TiOCl were grown by gas transport. 17 A single crystal of dimensions of approximately 0.1ϫ 0.02ϫ 0.001 mm 3 was glued to a carbon fiber that was attached to a closed-cycle helium cryostat mounted on the Huber four-circle diffractometer at beamline D3 of Hasylab ͑DESY, Hamburg͒. Monochromatic x rays of wavelength = 0.5000 Å were employed for the diffraction experiments at Hasylab.
With the temperature set to T = 72.0 K, diffraction confirmed the orthorhombic basic structure as well as the presence of satellite reflections at Ϯq 1 and Ϯq 2 ͓Eq. ͑1͔͒. The second component of both modulation wave vectors appeared as 1 2 in all scans. In a first experiment, scans were used to measure the diffracted intensity at positions of the mixed second-order satellite reflections of the type q 1 Ϯ q 2 . The presence of mixed second-order satellite reflections would provide evidence for a 2D incommensurate modulation wave and would thus indicate orthorhombic symmetry for the intermediate phase. However, intensity was not found at these positions for 38 measured second-order satellite reflections within the range 0.3Ͻ sin͑͒ / Ͻ0.7 Å −1 . Although the failure to observe mixed second-order satellite reflections does not provide evidence for a particular symmetry, these observations are in agreement with monoclinic symmetry ͑unique axis a, b, or c͒ while it does not exclude the possibility of orthorhombic symmetry.
In a second experiment, scans and 2 scans were performed at selected main reflections. Different distortions of the lattice should lead to different splittings of reflections if the crystal is twinned. As noticed in Sec. I, the relatively large width of the reflections in scans prevented the observation of splittings in scans of this type. 2 scans were performed with the crystal set in diffracting orientation of selected reflections and with narrow detector slits corresponding to an acceptance angle for scattered radiation of 0.003°. A double maximum was found for the ͑4 ,4,0͒ reflection in the incommensurate phase ͑Fig. 1͒. The temperature dependence of this reflection showed a single peak of a width determined by the resolution both above T c2 and below T c1 ͑Fig. 1͒. Small deviations from the Gaussian peak shape are visible in all scans of Fig. 1 . They are probably the result of a less than perfect crystal quality. In any case, their presence at all temperatures shows this feature to be unrelated to the phase transitions. These results show that the lattice parameter ␥ is different from 90°in the incommensurate phase, while ␥ = 90°in the room-temperature and spinPeierls phases.
2 scans on the ͑0,3,3͒ reflection gave the same width at all temperatures. This shows that ␣ = 90°within the resolution of the experiment for all three phases.
The splitting of the reflections in 2 reflects the difference in length of the scattering vectors of the reflections ͑4 ,4,0͒ and ͑4,4,0͒ of a monoclinic lattice with unique axis c. The observed peak profiles are well explained by one or two Gaussian functions that have been fitted to the observed profiles in Fig. 1 as well as to profiles measured at other temperatures. The splitting of ϳ0.020°in 2 in the incommensurate phase was used to calculate the lattice parameter ␥ as a function of temperature ͑Fig. 2͒. Below T c1 and above T c2 , splitting was not observed, while the width of the single peak was equal to the width of the most intense maximum in the incommensurate phase. Thus in the spin-Peierls and normal phases ␥ = 90°.
The varying ratio of the intensities of the two peaks in a 2 scan is the result of small variations in the alignment of the crystal and the relative positions of different reflections, as these occur at different temperatures. In addition to the splitting in 2, the reflection maxima may correspond to different crystal orientations ͑different values of ͒, because of slightly different orientations of the two domains. Apparently, the latter splitting was so large that for most measurements one of the two peaks was not entirely in scattering position. A second peak was entirely absent in the scan taken at a temperature of 78.5 K. A splitting thus was not observed and the monoclinic angle could not be determined for this temperature. A better characterization of the diffraction could have been achieved by repeated 2 scans for several values of on a narrow grid around the optimal calculated . Unfortunately, sufficient beam time at the synchrotron was not available for such an elaborate experiment. Nevertheless, we believe we have observed a second peak of sufficient intensity in the majority of 2 scans to have determined the monoclinic angle ␥ over the whole range of temperatures of the incommensurate phase ͑Fig. 2͒. For these reasons, we refrain from an analysis of the intensities of the reflections in 2 scans.
III. DISCUSSION
We have found that the lattice parameter ␥ is different from 90°in the incommensurate phase of TiOCl, while ␥ = 90°in both the spin-Peierls and room-temperature phases. This result is in agreement with a c-axis unique monoclinic crystal structure in the incommensurate phase. 6, 18, 20 Together with the quantitative analysis of the diffracted intensities, this result allows the unique assignment of the ͑3+1͒-dimensional superspace group P2 / n͑ 1 2 0͒00 to this structure. 18 The recovery of ␥ = 90°below T c1 shows that the spinPeierls state must have a different symmetry than c-axis unique monoclinic, and the present results confirm the previously determined monoclinic space group P2 1 / m ͑a-axis unique͒ for the twofold superstructure of this phase. 2 An unexpected result of the present experiments is that the observed peak splitting is independent of temperature with a monoclinic angle of ␥ = 90.023͑2͒°at temperatures between T c1 and T c2 ͑Fig. 2͒. This implies that both transitions are first-order phase transitions. Unambiguous experimental evidence is available for the transition at T c1 being a first-order phase transition. 1 While there seems to have been a general agreement that the transition at T c2 would be a second-order phase transition, the experimental situation is less clear than for the transition at T c1 . The temperature dependencies of several properties show but weak anomalies at T c2 , which thus prevent the character of the phase transition at T c2 from being uniquely determined, or which are not even clear signatures of a phase transition. This pertains to the temperature dependencies of the signal in electron spin resonance, 7, 21 of the specific heat, 13, 14 of the magnetic susceptibility, 1,14 of the thermal expansion, 14 of the signal in NMR, 8 of the signal in muon relaxation experiments, 22 and of the diffracted intensities of incommensurate satellite reflections in x-ray diffraction. 9, 19 In the last case, the diffracted intensities of satellite reflections have been found to continuously grow on cooling below T c2 within the incommensurate phase, but with a temperature dependence that could not be accurately determined near T c2 . Thus a small jump of these intensities at T c2 cannot be excluded on the basis of the available experimental information.
The occurrence of an incommensurate intermediate phase has previously been ascribed to frustration between spinPeierls pair formation and interchain interactions, and it was pointed out that the spin-Peierls state is intrinsically frustrated by elastic Ti-O-Ti coupling between chains. 14, 18, 19 In order to reconcile this model with the present observations, one might, for example, suppose that the incommensurate satellite reflections appear with a finite intensity at T c2 , thus being in agreement with the first-order character of the phase transition. However, this scenario does not provide an explanation for the different temperature dependencies of the magnitudes of the incommensurate distortion and the monoclinic splitting. 9, 19 Instead, we believe that a second kind of attractive interaction is necessary in order to explain the different temperature dependencies of the incommensurate modulation and the c-axis monoclinic lattice distortion in the incommensurate phase. The most likely candidate for the second type of interaction is antiferromagnetic ͑AF͒ coupling between Ti ions on neighboring ribbons ͓i.e., between Ti atoms with positions differing by approximately ͑Ϯ0.5, Ϯ 0.5, 0.25͔͒. This idea is supported by the results of recent x-ray absorption and photoemission experiments and cluster calculations that have indicated interchain superexchange interactions, due to the hybridization of the magnetic 3d electron of Ti with oxygen 2p orbitals, of a magnitude of 12% of the magnitude of the intrachain exchange interactions. 23 We propose that at T c2 a state of antiferromagnetic order develops that is governed by intrachain and interchain antiferromagnetic interactions between the magnetic moments on the Ti atoms. The antiferromagnetic interactions on the layers of Ti-O parallel to the a , b plane represent frustrated 2D interactions on the orthorhombic lattice. The observed monoclinic distortion of the lattice then is responsible for the fact that the free energy of the material is lowered by this type of interaction, and it thus explains the first-order character of the transition at T c2 . The true nature of the magnetic order cannot be determined on the basis of the present experiment. But it seems that the observed temperature dependence of the magnetic susceptibility 1 is in agreement with long-range magnetic order with a temperature-dependent magnitude of the fluctuations of the directions of the magnetic moments about the direction of perfect AF alignment.
Atomic displacements related to antiferromagnetic order usually are zero or they have a small magnitude that cannot be detected in ordinary ͑synchrotron-radiation͒ x-ray diffraction experiments. Therefore, the origin of the incommensurate satellite reflections cannot be the proposed antiferromag- netic order on the Ti-O plane, but should rather be ascribed to the formation of a spin-Peierls-like distortion, albeit frustrated by elastic Ti-O-Ti interactions between neighboring ribbons and by the competition between the formation of local spin-singlet pairs and long-range antiferromagnetic order of the spins of the Ti atoms. This frustration is responsible for the incommensurate character of the modulation between T c2 and T c1 . Structure refinements have shown that the incommensurate atomic displacements can indeed be considered as an incommensurate version of the spin-Peierls distortion. 9, 18 Both long-range antiferromagnetic order and the spinPeierls state rely on an antiferromagnetic coupling between neighboring spins. The unique feature of spin-Peierls type order is that the structural distortion together with the lowdimensional character of the magnetic interactions lead to a situation where each spin is strongly coupled to one neighboring spin, while the other magnetic couplings are weaker. This induces the formation of a singlet pair by these two spins that is not coupled magnetically to the remainder of the lattice. The spin-Peierls state thus is commensurate by definition-as has been found for the twofold superstructure of the low-temperature phase. 2, 5 The incommensurate modulation has been described by a sinusoidal displacement wave of the atomic positions. 9, 18 The effect is that along the ribbons the structure varies between Ti-Ti dimers, a regular array of Ti atoms, and anything in between. 9 One may thus assume a threshold for the Ti-Ti distance beyond which the modulation of the magnetic interactions is sufficiently strong to induce the formation of a spin-singlet pair; this pair of electrons is then no longer available for the delocalized state of long-range antiferromagnetic order. The number of such pairs increases with decreasing temperature, because of the increasing magnitude of the modulation, until too many electrons have been removed from the antiferromagnetic state for it to be stable, and the crystal transforms into the spin-Peierls state. On the other hand, it is known that a set of weak first-order satellite reflections cannot distinguish between modulation waves of different shapes. An equivalent assumption thus is that the modulation wave will have a shape that implies that a fraction of the spins form perfect spin-Peierls dimers, with an increasing number of these dimers on decreasing temperature.
The coincidence of the transition temperatures for the development of antiferromagnetic order and the onset of frustrated spin-Peierls distortion may be related to the restrictions imposed by symmetry. Both long-range antiferromagnetic order and the formation of coherent spinPeierls dimers are forbidden within orthorhombic symmetry. The lowering of the lattice symmetry toward c-axis monoclinic then allows both types of interaction to induce longrange ordered structures. Accordingly, it cannot be excluded that there is a small jump in intensities of the satellite reflections at T c2 , reflecting a jump of the incommensurate spinPeierls order parameter from zero to a finite value at this temperature. Apparently, the formation of spin-Peierls dimers is highly frustrated on the c-axis monoclinic lattice, while complete spin-Peierls order prevails once the symmetry is changed to a-axis monoclinic.
IV. CONCLUSIONS
We have performed temperature-dependent x-ray diffraction experiments on TiOCl that indicate a first-order character of the phase transition at T c2 . This result is reconciled with previous experiments, which have indicated a continuous character of the transition at T c2 , by the following scenario.
The phase transition at T c2 is the result of the development of antiferromagnetic order of the spins of the Ti ions, which is facilitated by the c-axis monoclinic distortion of the crystal lattice. The lowering of the lattice symmetry also allows the development of incommensurate, frustrated spinPeierls modulations of the atoms. The amplitude of this wave grows on cooling, and thus provides the continuous order parameter as observed in various experiments. A growing amplitude may actually imply that the number of spin-singlet pairs grows on cooling, thus removing an increasing number of electrons from the antiferromagnetic state.
At T c1 too many electrons have been removed for the antiferromagnetic state to be stable, and the crystal transforms to the spin-Peierls state that possesses a-axis monoclinic symmetry. Antiferromagnetic order is lost, because the antiferromagnetic interchain interactions are again perfectly frustrated on the a-axis monoclinic lattice.
